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Abstract: The competitive strength of four cosmopolitan freshwater betaproteobacterial isolates was
investigated in the presence or absence of bacterivorous flagellates during continuous cultivation in ar-
tificial minimal medium at two dilution rates. Bacteria reached similar abundance and growth rate in
monocultures, but in co-cultures, two strains (Acidovorax sp. and Massilia sp.) displayed significantly
higher numbers and growth rates. These potential cross-feeding benefits were also supported by a high
nutritional versatility of the two strains. In contrast, Hydrogenophaga sp. was seemingly less compet-
itive or even inhibited by co-cultivation, and Limnohabitans planktonicus displayed striking abundance
fluctuations. The latter two strains were least versatile in the uptake of different carbon sources and thus
suffered more from interspecific competition. Moreover, remarkable strain-specific responses appeared
when bacteria experienced increasing loss rates due to grazing and/or raised dilution rates. Limnohab-
itans planktonicus developed no successful defence strategy and was close to extinction. Massilia sp.
formed grazing-resistant filaments exclusively at low dilution, but was highly reduced at increased flow-
through. Acidovorax sp. was selectively ingested, but compensated grazing losses with accelerated growth
rates and formed (co-)aggregates together with Hydrogenophaga sp. to escape predation at high flow-
through. These species-specific interactions, growth responses and defence strategies strongly modulate
mixed microbial assemblages and the microbial food web.
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The competitive strength of four cosmopolitan freshwater betaproteobacterial 25 
isolates was investigated in presence or absence of bacterivorous flagellates during 26 
continuous cultivation in artificial minimal medium at two dilution rates. Bacteria 27 
reached similar abundances and growth rates in monocultures, however, in co-28 
cultures, two strains (Acidovorax sp. and Massilia sp.) displayed significantly higher 29 
numbers and growth rates. These potential cross-feeding benefits were also 30 
supported by a high nutritional versatility of the two strains. In contrast, 31 
Hydrogenophaga sp. was seemingly less competitive or even inhibited by co-32 
cultivation, and Limnohabitans planktonicus displayed striking abundance 33 
fluctuations. The latter two strains were least versatile in the uptake of different 34 
carbon sources and thus suffered more from interspecific competition. Moreover, 35 
remarkable strain-specific responses appeared when bacteria experienced 36 
increasing loss rates due to grazing and/or raised dilution rates. L. planktonicus 37 
developed no successful defence strategy and was close to extinction. Massilia sp. 38 
formed grazing resistant filaments exclusively at low dilution, but was highly reduced 39 
at increased flow-through. Acidovorax sp. was selectively ingested, but compensated 40 
grazing losses with accelerated growth rates and formed (co-)aggregates together 41 
with Hydrogenophaga sp. to escape predation at high flow-through. These species-42 
specific interactions, growth responses and defence strategies strongly modulate 43 




The pelagic microbial community of freshwater lakes is composed of several 46 
hundreds to thousands species (Newton et al. 2011, Bižić-Ionescu et al. 2014, Llirós 47 
et al. 2014) that co-exist due to ecological niche differentiation (Salcher et al. 2013) 48 
and transitions from dormancy to activity (Jones and Lennon 2010). In nature, 49 
microbes tightly interact with each other and with other members of the aquatic food 50 
web. Individual bacteria are permanently facing inter- and intraspecific competition for 51 
limiting resources, however, cross-feeding on products released by other microbes 52 
might also significantly accelerate growth of distinct species (i.e., syntrophy; Turner et 53 
al. 1996, Šimek et al. 2010, Lawrence et al. 2012). Simultaneous to resource 54 
competition, planktonic prokaryotes are top-down controlled by bacterivorous protists, 55 
with highly species-specific impacts on both predator and prey levels (Pernthaler 56 
2005, Šimek et al. 2010, Šimek et al. 2013). Different defence mechanisms against 57 
high levels of grazing have been described in laboratory and field experiments. 58 
Prokaryotes of very small or large size seem to be protected from predation by size-59 
selectively feeding protists (Jürgens and Matz 2002), and several bacterial taxa 60 
showed a high morphological plasticity and formed, e.g., inedible filaments in the 61 
presence of bacterivores (Hahn and Höfle 1998, Corno and Jürgens 2006). Also the 62 
formation of microcolonies or (co-)aggregates proofed to be a highly efficient grazing 63 
protection (Jürgens and Matz 2002, Pernthaler 2005). Even if ingested, some 64 
bacteria might not be digested or are of too poor food quality to promote the growth 65 
of flagellates (Šimek et al. 2013). Moreover, some microbes follow a so-called 66 
opportunistic life strategy, i.e., they can compensate high grazing losses by increased 67 
growth rates (Šimek et al. 2005, Salcher 2014), and thus, contribute disproportionally 68 
to the carbon flow to higher trophic levels (Neuenschwander et al. 2015). An example 69 
for such opportunists can be found among the genus Limnohabitans 70 
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(Betaproteobacteria) that is selectively ingested by protists (Jezbera et al. 2006), but 71 
high grazing losses are counterbalanced by high growth rates (Šimek et al. 2005).  72 
Betaproteobacteria are ubiquitous in freshwaters and frequently dominate the 73 
assemblage (Newton et al. 2011, Jezbera et al. 2012). Members of five families of 74 
Betaproteobacteria are highly abundant in different freshwater systems (Newton et al. 75 
2011): Alcaligenaceae, Burkholderiaceae, Comamonadaceae, Methylophilaceae, 76 
and Oxalobacteraceae, with Comamonadaceae being most diversified. 77 
Burkholderiaceae and Methylophilaceae are both represented by one dominant 78 
genus in freshwaters (i.e., Polynucleobacter (Hahn et al. 2012) and ‘Ca. 79 
Methylopumilus’ (Salcher et al. 2015)). Within Comamonadaceae, Limnohabitans 80 
spp. are highly abundant and well-studied both in nature and culture (Šimek et al. 81 
2005, Kasalický et al. 2013, Šimek et al. 2013), however, less is known about the 82 
autecology of other taxa, except for their occurrence in different lakes (Parveen et al. 83 
2011, Paver et al. 2013, Salcher et al. 2013). Freshwater Oxalobacteraceae and 84 
Alcaligenaceae are even less explored, but some genera (e.g., Massilia) seem to be 85 
of high relevance during cyanobacterial blooms (Bižić-Ionescu et al. 2014) or after 86 
rain events (Peter et al. 2014).   87 
We studied four betaproteobacterial strains isolated from the pelagic realm of 88 
freshwaters in more detail: Three strains (Acidovorax sp. MMS1-28, 89 
Hydrogenophaga sp. EEcy4, and Limnohabitans planktonicus II-D5T) are affiliated 90 
with Comamonadaceae, and Massilia sp. MMS1-16 is a member of 91 
Oxalobacteraceae (Fig. S1). All four genera are abundant in various lake types, being 92 
seemingly associated with primary producers (Jezbera et al. 2012, Paver et al. 2013, 93 
Bižić-Ionescu et al. 2014, He et al. 2014). We explored the interaction of these four 94 
strains in a series of experiments in the presence or absence of competitors and 95 
predators. We hypothesized that (i) some strains might profit from co-cultivation due 96 
5 
 
to syntrophic or other synergistic effects, while (ii) isolates with a low nutritional 97 
versatility might suffer more from interspecific competition. Further, (iii) we expected 98 
to detect differential responses to high grazing activity by bacterivorous flagellates, 99 
and (iv) to identify potential opportunistic strategies as described for Limnohabitans 100 
sp. also among other Betaproteobacteria. 101 
 102 
Material and Methods 103 
Isolation and classification of bacterial strains  104 
Betaproteobacterial strains Massilia sp. MMS1-16 (MAS) and Acidovorax sp. 105 
MMS1-28 (ACIDO) were isolated by dilution to extinction (Salcher et al. 2015) using 106 
filtered and autoclaved lake water from Lake Zurich (5 m depth, 19 August 2010) 107 
amended with NH4Cl (1 µM), K2HPO4 (0.1 µM), amino acids (arginine, glutamate, 108 
glutamine, glycine, and methionine, 0.1 µM), and other carbon compounds (D-109 
glucose, D-ribose, pyruvate, glycerol, N-acetylglucosamine, 0.0002% final 110 
concentration). The strain Hydrogenophaga sp. EEcy4 (HYD) was isolated on agar 111 
plates interspersed with cryptophytes, i.e., 12 ml of a fresh culture of Cryptomonas 112 
sp. and 1 g yeast extract were added to 1 l of carbon-free artificial lake water (ALW) 113 
agar (Zotina et al. 2003). Isolates were further purified on R2A plates (Reasoner and 114 
Geldreich 1985), and DNA of single colonies was isolated with the GenEluteTM 115 
Bacterial Genomic DNA Kit (Sigma). The 16S rRNA encoding genes were sequenced 116 
with general bacterial primers GM3f, GM1f, and GM4r, (Muyzer et al. 1995), 117 
according to standard protocols. Partial sequences were assembled with the software 118 
DNA baser v3.5.0 (Heracle BioSoft), aligned with the SINA web aligner 119 
(www.arb.silva.de), and imported to ARB (Ludwig et al. 2004) using the SILVA 120 
database SSU Ref 119 (Pruesse et al. 2007). A maximum likelihood tree of isolates 121 
and their closest relatives (Fig. S1) was calculated on a dedicated web server with 122 
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the GTR-GAMMA model (Stamatakis et al. 2005). Almost full-length 16S rDNA 123 
sequences of Massilia sp. MMS1-16, Acidovorax sp. MMS1-28, and 124 
Hydrogenophaga sp. EEcy4 were deposited to Genbank with accession numbers 125 
KM236688-KM236690. Furthermore, Limnohabitans planktonicus II-D5T (LIM) (Acc. 126 
FM165535, Kasalický et al. 2010) was used for the experiments. 127 
 128 
Metabolic capability tests 129 
All four bacterial strains were tested for their metabolic capabilities with BioLog 130 
Microarrays PM1 plates (BioLog, Hayward, USA) using carbon-free ALW (Zotina et 131 
al. 2003) as a medium. Growth was monitored automatically with an absorption 132 
microplate reader (Spectra Max 190, Molecular Devices) at 600 nm with 133 
measurements taken every 15 min for one week. Differences in OD600 were scored 134 
as highly positive growth (++, >180% of control), positive growth (+, 50-180% of 135 
control), weak growth (w, 10-50% of control), no growth (0, -20-10% of control) or 136 
inhibition of growth (-, <-20% of control). 137 
 138 
Batch culture experiments 139 
 All four bacterial strains were grown in triplicated monocultures in ALW 140 
amended with yeast extract, casein hydrolysate, and starch (5 mg l-1 each) in batch 141 
culture until bacteria reached stationary phase (after 4 days). Subsamples were 142 
taken approximately every 12 h, fixed with formaldehyde and evaluated by flow 143 
cytometry and microscopy (see below). 144 
 145 
Continuous cultivation (chemostat) set-up and sampling 146 
The chemostat was built in a climatic chamber and operated at 20°C in the 147 
dark. The system consisted of two parallel set-ups (Fig. S2), each composed of one 148 
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medium vessel (10 l) and three parallel cultivation vessels (780 ml). Defined volumes 149 
of media were continuously transported to cultivation vessels via peristaltic pumps 150 
(Ismatec, Switzerland). Special pear-shaped bacterial traps were used to disrupt the 151 
flow-line from media to the cultivation vessels, avoiding a possible upstream 152 
migration of bacteria. One set-up was run at a dilution rate of 0.3 d-1 (slow variant), 153 
the second at a dilution rate of 1 d-1 (fast variant). All cultivation vessels were aerated 154 
from the bottom (see Fig. S2) by sterile filtered air (Sartorius Midisart2000). Through 155 
this kind of aeration, we obtained also a gentle mixing of the systems. The system 156 
was tested for two weeks with autoclaved distilled water to check for stability of 157 
dilutions rates and tightness of connections. Before the experiment was started, the 158 
whole set-ups were autoclaved. Bacteria were pre-grown in ALW amended with 159 
yeast extract, casein hydrolysate, and starch (5 mg l-1 each), which was also the 160 
medium used for the chemostat. On the first day, cultivation vessels were filled from 161 
the medium vessels with 500 ml medium. Bacterial strains were inoculated with initial 162 
concentrations of approx. 5 x 104 cells ml-1 each. Peristaltic pumps were stopped for 163 
12 h to allow for a modest growth of bacteria, thereafter, peristaltic pumps were 164 
started, running at the two dilution rates mentioned above. After a stabilization of 165 
bacterial numbers at t72 h, the bacterivorous flagellate Poterioochromonas 166 
malhamensis DS (originally classified as Ochromonas sp. DS; Hahn and Höfle 1998) 167 
was inoculated in 4 vessels (two slow and two fast variants, Fig. S2) at a 168 
concentration of 0.3 x 104 cells ml-1. Vessels S1 & F1 served as control variants.  169 
Samples (40 ml) were taken approximately every 12 h with sterile syringes to 170 
avoid any organismic contamination. Subsamples were fixed with formaldehyde (2% 171 
f. c.) for the determination of bacterial parameters. Additional subsamples were fixed 172 
with lugol’s solution (0.5% f. c.), followed by formaldehyde (2% f. c.), and decolorized 173 
with several drops of sodium thiosulfate. This fixation protocol was proposed to 174 
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assure the integrity of flagellates’ food vacuoles (Sherr and Sherr 1993). Unfixed 175 
subsamples were taken at four different time points for a determination of individual 176 
grazing rates using fluorescently labeled bacteria (FLBs, see below). 177 
 178 
Total bacterial numbers and biomass, abundances of flagellates, filamentous 179 
bacteria, and bacterial aggregates 180 
An inFlux V-GS cell sorter (Becton Dickinson) equipped with a UV (355 nm) 181 
laser was used for the enumeration of single celled bacteria. One ml aliquots were 182 
stained with 4’,6-diamidino-2-phenylindole (DAPI, 1 µg ml-1 f. c.), and scatter plots of 183 
DAPI fluorescence vs. 90° light scatter were analyzed with the custom-made 184 
software JoFlow 1.0a (Villiger, unpubl.).  185 
Subsamples of 0.2-4 ml were stained with DAPI (1 µg ml-1 f. c.), and filtered 186 
onto black polycarbonate filters (0.22 µm or 1 µm pore size, Sartorius, for bacteria 187 
and flagellates, respectively). Flagellates, filamentous bacteria, and bacterial 188 
aggregates were counted with a Zeiss Microscope (Zeiss AxioImager.M1) at a 189 
magnification of 400x. Twenty to 60 microscopic fields were inspected for each 190 
preparation corresponding to 17-673 flagellates, 3-138 filaments, and 4-147 191 
aggregates per sample, depending on their actual density.  192 
Total bacterial biomass was quantified with image analysis. Briefly, 15-20 193 
images of bacteria were recorded with a CCD camera (Vosskühler) and an 100x oil 194 
immersion objective, and processed with the image analysis software LUCIA 195 
(Laboratory Imaging, Prague). The macro described in Posch et al. (2009) was used 196 
for determining bacterial cell volumes. Bacterial cellular carbon content was 197 
calculated using the formula developed by Loferer-Krößbacher et al (1998) and 198 
Posch et al. (2001): 199 
 CC ൌ 218*V଴.଼଺ 200 
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where CC is cellular carbon content (fg C) and V is bacterial cell volume (µm3). 201 
Bacterial biomass was estimated by multiplying carbon content with total bacterial 202 
abundance. 203 
 204 
Quantification of individual bacterial strains 205 
The four bacterial strains were distinguished by using specific oligonucleotide 206 
probes targeting the 16S rRNA; the probe design was conducted with the software 207 
ARB (Ludwig et al. 2004). We used either DOPE-FISH (fluorescence in situ 208 
hybridization with double labeled probes; Stoecker et al. 2010) or CARD-FISH 209 
(fluorescence in situ hybridization combined with catalyzed reporter deposition; 210 
Pernthaler et al. 2002) for a quantification of strains (Table 1). Briefly, 0.2-4 ml 211 
subsamples were filtered onto white polycarbonate filters (0.22 µm pore size, 212 
Millipore), rinsed with distilled water, air dried, and stored at -20°C until further 213 
processing. All filters were predigested with lysozyme (10 mg ml-1) for 30 min to 214 
enhance probe accessibility. DOPE-FISH was carried out with oligonucleotide probes 215 
double-labeled with either Cy3 or fluorescein and CARD-FISH was done with 216 
tyramides labeled with fluorescein (Table 1). 217 
Filter sections were counterstained with DAPI (1 µg ml-1 f. c.), pictures were 218 
taken with a fully automated epifluorescence microscope (Zeder and Pernthaler 219 
2009) and analyzed with the freeware image analysis software ACME-tool 220 
(technobiology.ch). At least 10 high quality images or > 1000 DAPI stained bacteria 221 
were evaluated per sample. 222 
 223 
Quantification of individual grazing rates 224 
All four strains were used in short-term direct uptake experiments as 225 
fluorescently labeled bacteria (FLB; Sherr and Sherr 1993) to quantify the strain-226 
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specific grazing rates of P. malhamensis. Briefly, each strain was pre-grown to high 227 
densities and concentrated by centrifugation (5000 x g, 30 min). Bacteria were heat 228 
killed and stained with 5-([4,6-dichlorotriazine-2-yl]amino) fluorescein (DTFA) 229 
according to Šimek et al. (1997). Uptake experiments were performed at 4 time 230 
points, i.e., at t86, t110, t158, and t182 h. Fresh samples were taken from the different 231 
vessels containing grazers and each stained strain was added at concentrations 232 
corresponding to 14-36% of total bacterial numbers. Subsamples (5 ml) were taken 233 
after 15 min and 30 min, fixed with lugol’s solution (0.5% f. c.), followed by 234 
formaldehyde (2% f. c.) and decolorized with several drops of sodium thiosulfate 235 
(Sherr and Sherr 1993). Samples were stained with DAPI (1 µg ml-1 f. c.), filtered 236 
onto black 1 µm pore-size filters (Sartorius) and inspected via epifluorescence 237 
microscopy (Zeiss AxioImager.M1) at a magnification of 1000x. At least 100 flagellate 238 
cells were checked for FLB uptake in each sample. Uptake rates were calculated by 239 
multiplying average numbers of FLB per flagellate cell with uptake time and were 240 
corrected for the actual amounts of FLB added in the different treatments. A linear 241 
interpolation between the measured values was applied for those sampling dates 242 
where no direct FLB uptake was determined. The calculated average daily uptake 243 
rates were multiplied with the in situ abundances of P. malhamensis in the different 244 
vessels to estimate total grazing rates (TGR, bacteria ml-1 d-1) on the respective 245 
bacterial strains. Selectivity indices (SI) were calculated according to Jezbera et al. 246 
(2006) by dividing the relative abundance (%) of incorporated bacteria of each strain 247 
with their actual relative abundance in the chemostats. 248 
 249 
Calculation of individual loss and growth rates 250 
Net growth rates (µN) per day (d-1) of different strains were determined with the 251 





ݐଵ െ ݐ଴  253 
where Nt0 and Nt1 are the numbers of bacteria (bacteria ml-1) on two consecutive 254 
sampling dates, t0 and t1 (d). Grazing induced loss rates (g) per day (d-1) of different 255 
strains were calculated with the formula:  256 
݃ ൌ ݈݊ܰ ൅ ܶܩܴܰ  257 
where N is the actual bacterial abundance (bacteria ml-1) and TGR is the actual total 258 
grazing rate (bacteria ml-1 d-1). Gross growth rates (µB) per day (d-1) of different 259 
strains was calculated with the equation:  260 
μܤ	 ൌ 	μܰ	 ൅ 	݃	 ൅ 	ܦ 261 
where D is the dilution rate of chemostat per day (d-1). 262 
 263 
Statistical analyses 264 
 All data was log(x+1) transformed before statistical analyses to ensure normal 265 
distribution. Cell densities and growth rates of different strains were tested for 266 
significant differences in monocultures versus co-cultures (t72 h) and with versus 267 
without predators (t254 h) by two-sample Student’s t-tests. Resource partitioning of the 268 
four strains was tested by agglomerative hierarchical clustering based on similarities 269 
(unweighted pair-group average of Pearson’s correlation coefficients) of their growth 270 
on 95 different carbon sources (see above). Additionally, a principle component 271 
analysis (based on Pearson’s correlation coefficients) was carried out to display 272 
uptake patterns. All analyses were performed with the Microsoft EXCEL add-in 273 





Results and Discussion 277 
Synergistic effects and interspecific competition in co-cultures 278 
Bacteria reached comparable maximal abundances (1.6–6.5 x 106 cells ml-1) 279 
and growth rates (3.4–4.2 d-1) when grown separately in batch cultures (Figs. 1, 2). 280 
Interspecific interaction was studied in triplicated co-cultures in continuous cultivation, 281 
modulated by two different dilution rates (slow variant: 0.3 d-1, fast variant: 1 d-1) and 282 
by absence or presence of the bacterivorous flagellate. Total bacterial abundances 283 
(i.e., the accumulated numbers of the four strains) and maximal growth rates were 284 
significantly higher in co-cultures compared to monocultures (Tables S1, S2, Fig. S3). 285 
Synergistic interactions between different microbes in co-cultures typically result in a 286 
better exploitation of mixed substrates and nutrients, as can be found in every natural 287 
system (Kovárová-Kovar and Egli 1998, Tan et al. 2015). However, there was no 288 
difference in maximal numbers between the two dilution rates, while slightly higher 289 
gross growth rates were recorded in the version with high flow-through.  290 
We observed striking species-specific differences in mono- and co-cultures: 291 
MAS reached more than six-fold higher abundances at both dilution rates without 292 
predators and also ACIDO were growing to significantly higher numbers (Fig. 1, 293 
Table S1). Both strains displayed significantly higher growth rates in the co-cultures 294 
compared to monocultures (Fig. 2, Table S2). In contrast, HYD reached significantly 295 
lower maximal numbers and growth rates in co-cultures (i.e., 45% and 24% of cell 296 
yields in the slow and fast variants, respectively), while LIM displayed remarkable 297 
abundance fluctuations, but no significant differences could be detected between any 298 
of the treatments (Figs. 1, 2, Tables S1, S2).  299 
All four strains were tested for their metabolic capabilities with BioLog PM1 300 
plates and showed distinct patterns of resource partitioning (Figs. 3, S4, Table S3). 301 
Only nine of the 95 offered carbon sources supported the growth of all four taxa, and 302 
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several substrates were exclusively used by the individual strains (6, 8, 5, and 9 303 
substrates for ACIDO, MAS, HYD, and LIM, respectively, Fig. S4). Resource 304 
partitioning of different amino acids, sugars, and carboxylic acids has also been 305 
described for different betaproteobacterial populations in Lake Zurich, the origin of 306 
most isolates (Salcher et al. 2013). MAS and ACIDO displayed similar usage of 307 
carbon sources (r = 0.362, p < 0.001), while LIM and HYD were significantly different 308 
from the others. MAS and ACIDO were most versatile in the uptake of different 309 
carbon sources (52 and 54 substrates, respectively, Fig. 3, Table S3), pointing to 310 
competitive advantages and possible syntrophic cross-feeding benefits (Turner et al. 311 
1996, Kovárová-Kovar and Egli 1998, Lawrence et al. 2012). Such cooperative 312 
adaptations typically evolved more frequently between highly related genotypes that 313 
share metabolic capabilities (Mitri and Foster 2013), such as MAS and ACIDO (Fig. 314 
3). Metabolic dependencies and metabolite exchanges of co-occurring microbes 315 
seem to be especially important under oligotrophic conditions such as in freshwater 316 
lakes (Zelezniak et al. 2015). As we used a relatively nutrient and substrate poor 317 
medium to mimic natural conditions, metabolic interactions like cross-feeding might 318 
have played a major role in modifying the outcome of our experiments. HYD and LIM 319 
exploited only 36 and 35 substrates, respectively, and performed correspondingly 320 
less well in co-cultures, indicating negative effects of interspecific competition. 321 
Moreover, growth of HYD was inhibited by 14 substrates, thus, the strain might even 322 
have been inhibited by specific substrates produced in co-cultures if their 323 
concentrations were high enough (Fiegna et al. 2015). 324 
 325 
Impact of grazing by flagellates 326 
The combined effects of predation and competition were investigated by 327 
addition of the mixotrophic chrysophyte Poterioochromonas malhamensis strain DS 328 
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as a predator. This ubiquitous bacterivorous flagellate is a frequently used model 329 
organism with high clearance rates and size selective predation (Hahn and Höfle 330 
1998, Posch et al. 1999, Jürgens and Matz 2002). Flagellates reached higher 331 
densities in the slow than in the fast variants (Fig. 1), most likely because a dilution 332 
rate of 1 d-1 is already close to their maximal growth rates achievable on the given 333 
combination of food items (Šimek et al. 2006, Šimek et al. 2013). Bacteria stabilized 334 
to comparable total numbers and biomasses at both dilution rates after an initial drop 335 
during the highest bacterivory phase (Fig. S3, Table S1). This was reached by a 336 
strong increase in growth rate (~48 h after the addition of the bacterivore) with 337 
maxima comparable to or even higher than the initial pre-stabilization period of the 338 
chemostat (Fig. 2, Fig. S3). Dilution-rate dependent significant differences were 339 
observed for MAS with stable cell numbers in the slow variants compared to a 340 
constant decline in the fast variants (Table S1). ACIDO and HYD could retain high 341 
abundances in both variants after a short drop during highest bacterivory, while LIM 342 
were strongly reduced and almost extinct at the end of the experiment (Fig. 1).  343 
Strain-specific grazing rates were determined in short-term uptake experiments 344 
with fluorescently labelled bacteria (Fig. S5). Highest total grazing rates were 345 
recorded in the low-dilution variant three days after the introduction of flagellates (10 346 
x 106 cells ml-1 d-1 at t158 h; Fig. S6), while grazing rates were lower in the fast variant 347 
and their maximum occurred earlier (7.8 x 106 cells ml-1 d-1 at t110 h). These grazing 348 
rates are within the range of published values for P. malhamensis DS and natural 349 
protistan communities (Posch et al. 1999, Šimek et al. 2005, Jezbera et al. 2006). 350 
ACIDO were the most favourable prey for flagellates with total grazing rates of up to 351 
8.8 x 106 cells ml-1 d-1 (Figs. 4, S5, S6). Selectivity indices were always >1 (i.e., 352 
positive selection) with values up to 14 and these microbes accounted for the 353 
majority of ingested cells in all cases (53 – 86%). Nevertheless, ACIDO obviously 354 
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compensated high loss rates by enhanced growth rates, a strategy previously 355 
described for planktonic Limnohabitans spp. (Šimek et al. 2005). HYD displayed the 356 
lowest selectivity indices (0.1 – 1.1, i.e. strong negative to neutral selection, Fig. 4) 357 
and were least ingested by P. malhamensis, therefore they could retain high 358 
densities in both variants. MAS and LIM showed intermediate grazing losses and 359 
selectivity indices. MAS was more ingested in the fast variant with a selectivity index 360 
of up to 5.8 (positive selection) compared to 0.5 – 0.8 (negative selection) in the slow 361 
variant, which might reflect the changing prey availability or prey food characteristics 362 
under two different dilution rates. LIM was also slightly positively selected by 363 
flagellates in the fast variant and negatively selected in the slow variant. However, 364 
this strain accounted for a maximum of 29% of ingested bacteria at one time point 365 
(t110) in the slow variant, when all other taxa already dropped to very low densities 366 
except for LIM (Figs. 1, 4). Thus, LIM also proofed to be of high food quality as 367 
reported previously (Jezbera et al. 2006, Šimek et al. 2013), however, ACIDO and 368 
partly also MAS were obviously a superior food source for P. malhamensis DS. 369 
 370 
Strain-specific grazing defence mechanisms 371 
Interestingly, strain-specific grazing defence mechanisms were observed at 372 
different loss rates. High grazing pressure induced filamentation in two isolates (MAS 373 
and ACIDO), however, only in variants with low dilution rate (Figs. 5, S6). Filament 374 
formation is an effective grazing protection as these morphologies by far exceed the 375 
size limit that can be handled and engulfed by flagellates (Hahn and Höfle 1998, 376 
Jürgens and Matz 2002, Pernthaler 2005). Filamentous bacteria typically reach their 377 
annual maximum in lakes after the phytoplankton spring bloom concomitantly with or 378 
shortly after heterotrophic flagellate population peaks (Schauer et al. 2006, Salcher 379 
et al. 2010, Eckert et al. 2012). Filamentous bacteria even seem to profit twofold from 380 
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the presence of bacterivorous flagellates, due to the elimination of competitors and 381 
because of selective utilization of carbon sources that are egested by protists (Eckert 382 
et al. 2013). Filaments were rare in the variants with high dilution rates; either 383 
because of the lower grazing pressure therein or because of longer generation times 384 
of filamentous bacteria (Hahn and Höfle 1998). The latter is supported by the 385 
observation that filament numbers peaked only five days after flagellates’ maxima 386 
(Fig. 5). A delay in filament formation of several days after highest flagellate numbers 387 
has also been reported from different lakes (Pernthaler et al. 2004, Eckert et al. 388 
2012).  389 
An alternative defence strategy was exclusively observed in the fast variants: 390 
ACIDO and HYD formed microcolonies and co-aggregates simultaneous with highest 391 
flagellates numbers and bacterivory (Figs. 5, S6). Bacterial microcolonies and 392 
aggregates are protected from protistan predation because of their big size and 393 
highly complex morphologies (Jürgens and Matz 2002, Pernthaler 2005). As 394 
filaments and aggregates were almost absent in flagellate-free treatments (Fig. 5), 395 
the formation of inedible morphologies might be triggered by chemical cues excreted 396 
by P. malhamensis, as was also suggested for other microbes with high phenotypic 397 
plasticity (Corno and Jürgens 2006, Blom et al. 2010). This refuge from grazing might 398 
be another reason for the prevalence of ACIDO and HYD in the fast variants, as co-399 
aggregation fosters the coexistence and success of microbes under grazing pressure 400 
(Corno et al. 2013). Consequently, ACIDO and HYD dominated the assemblage at 401 
the end of the experiment, while MAS and LIM suffered from high grazing losses and 402 
interspecific competition and were close to extinction in the fast variant (Fig. 1). 403 
Moreover, interspecific interactions in co-aggregates seem to promote the utilization 404 
of complex biopolymers and thus, increase the productivity and carbon transfer 405 
efficiency in mixed cultures in the presence of flagellates (Corno et al. 2015). 406 
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Microbes closely related to ACIDO and HYD have been detected on lake or river 407 
snow particles (Böckelmann et al. 2000, Knoll et al. 2001, Schweitzer et al. 2001, 408 
Parveen et al. 2011), thus, they are able to grow on surfaces and form aggregates 409 
also in nature. LIM on the other side lives planktonic (Kasalický et al. 2010) or as 410 
epibiont on Daphnia sp. (Eckert and Pernthaler 2014) and does not display any 411 
marked morphological plasticity, as neither filaments nor aggregates were formed by 412 
this microbe. LIM therefore lacked a successful grazing defence and was most 413 
vulnerable to both, grazing and interspecific competition (Fig. 1).  414 
The opportunistic lifestyle, i.e. rapid growth compensating for high mortality 415 
rates described for some Limnohabitans spp. in nature (Šimek et al. 2005), was not 416 
confirmed for the strain we used in our experiments (Limnohabitans planktonicus II-417 
D5T (Kasalický et al. 2010)). However, the genus Limnohabitans is very divers with 418 
five lineages and at least six sublineages (Kasalický et al. 2013), and Limnohabitans 419 
planktonicus II-D5T seems to be not widely distributed in the plankton of lakes 420 
(Jezbera et al. 2013), but instead might have its niche as symbionts of zooplankton 421 
(Eckert and Pernthaler 2014, Peerakietkhajorn et al. 2015). Thus, our results cannot 422 
be easily translated to natural conditions in lakes, where other very competitive 423 
Limnohabitans lineages predominate (Šimek et al. 2005, Jezbera et al. 2013). 424 
Moreover, an artificial minimal medium was added with constant dilution rates in our 425 
chemostats, while in nature, conditions are typically more unstable with e.g., diurnal 426 
and seasonal fluctuations and resources are patchily distributed. In our experiments, 427 
ACIDO seemed to follow an opportunistic strategy, as its accelerated growth rates in 428 
presence of predators counterbalanced high grazing losses. The detailed response 429 
mechanisms, however, are still unclear, i.e., if ACIDO actively changed its gene 430 
expression patterns or if changed environmental conditions enabled the observed 431 





This study shows that single strains react differently to co-cultivation, with 435 
synergistic effects and interspecific competition acting simultaneously. Moreover, 436 
they developed species-specific and growth-rate dependent grazing-defence 437 
mechanisms if faced with high predation rates (Fig. S8). These responses point to 438 
highly species-specific interactions in mixed microbial assemblages that modulate 439 
aquatic microbial food webs, having fundamental importance for carbon flow from 440 
distinct resources through bacteria to the grazer food chain. Notably, this is currently 441 
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Figure 1: Abundances of the four bacterial strains grown separately in batch cultures 625 
(A), in co-cultures in continuous cultivation (B-C), and in the presence of the 626 
bacterivorous flagellate Poterioochromonas malhamensis DS (D-E) with slow 627 
(B, D) and fast (C, E) dilution rates. The numbers of flagellates are shown as 628 
grey shading in D and E. ACIDO, Acidovorax sp. MMS1-28; MAS, Massilia sp. 629 
MMS1-16; HYD, Hydrogenophaga sp. EECy4; LIM, Limnohabitans 630 
planktonicus II-D5T.  631 
Figure 2: Growth and loss rates of the four bacterial strains when grown separately in 632 
batch cultures (A, D, G, J), or in co-cultures in continuous cultivation with slow 633 
(B, E, H, K) and fast (C, F, I, L) dilution rates. A-C: Acidovorax sp. MMS1-28; 634 
D-F: Massilia sp. MMS1-16; G-I: Hydrogenophaga sp. EECy4; J-L: 635 
Limnohabitans planktonicus II-D5T. The grey arrows indicate the time when 636 
the bacterivorous flagellate P. malhamensis DS was introduced. 637 
Figure 3: Nutritional versatility of the four strains. A: Principle component analysis 638 
biplot of uptake patterns of 95 different substrates based on Pearson’s 639 
correlation coefficients displaying substrate partitioning between the four 640 
strains. B: Number of substrates that supported or inhibited the growth of 641 
individual strains. ACIDO, Acidovorax sp. MMS1-28; MAS, Massilia sp. 642 
MMS1-16; HYD, Hydrogenophaga sp. EECy4; LIM, Limnohabitans 643 
planktonicus II-D5T.  644 
Figure 4: Proportional grazing losses and selectivity indices (SI) of the four bacterial 645 
strains by the flagellate Poterioochromonas malhamensis DS at four selected 646 
time points in the variants with slow (A) and fast (B) dilution rates. ACIDO, 647 
Acidovorax sp. MMS1-28; MAS, Massilia sp. MMS1-16; HYD, 648 
Hydrogenophaga sp. EECy4; LIM, Limnohabitans planktonicus II-D5T. 649 
24 
 
Figure 5: Relative abundances of filamentous bacteria and bacterial aggregates in 650 
the variants with slow (A) and fast (B) dilution rates. 651 
 652 
Table 1. Oligonucleotide probes targeting the 16S rRNA of the bacterial strains. 









GTA CCG TCA TGG 
ACC CTC TTT ATT AG







CCG TCA TTA GCC 
GCA GAT ATT AGC C







AAC CAG GAC CGT 
TTC GTT CCG 







GTT GCC CCC TCT 
ACC GTT 
65 HRP 55 (Šimek et 
al. 2001) 
2 x CY3: DOPE-FISH probes labeled with CY3; 2 x FITC: DOPE-FISH probes 
labeled with fluorescein; HRP: CARD-FISH with horseradish peroxidase labeled 
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B: fast (dilution rate 1d-1) 
A: slow (dilution rate 0.3 d-1)
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Table S1. Student’s t-test results of comparisons of cell densities of bacterial 
strains between the different treatments. Only significant differences are 
displayed.  
 
Treatment Total ACIDO MAS HYD LIM 
monocult. vs. co-cult. slow -9.46*** -8.30*** -16.70*** 19.12*** n.s. 
monocult. vs. co-cult. fast -5.01*** -5.56** -10.19*** 6.67** n.s. 
co-cult. slow vs. co-cult. fast n.s. -3.28* n.s. n.s. n.s. 
grazing slow vs. grazing fast n.s. n.s. 7.98* n.s. n.s. 





Table S2. Student’s t-test results of comparisons of growth rates of bacterial 
strains between the different treatments. Only significant differences are 
displayed.  
 
Treatment Total ACIDO MAS HYD LIM 
monocult. vs. co-cult. slow -13.42*** -3.46* -13.44*** 7.31** n.s. 
monocult. vs. co-cult. fast -19.87*** -5.47** -12.53*** n.s. n.s. 
co-cult. slow vs. co-cult. fast 4.44* n.s 2.97* n.s. n.s. 





Table S3. Metabolic characteristics of the four bacterial strains. A biomass 
increase or decrease is given in % normalized to the control treatment (ALW without 
carbon source) and was scored as highly positive (++, >180% compared to control 
treatments, dark green), positive (+, 50 - 180% compared to control, green), weak (w, 
10 – 50% compared to control, light green), no growth (0, -20 – 10% compared to 
control, grey), and inhibited (-, <-20% compared to control, red). The panel on the 
bottom gives an overview on the number of substrates scored as ++, +, w, 0, and – of 
individual bacterial strains. 
  
 Acidovorax MMS1-28 






Amino acids    
D-Alanine 15 228 34 -6 
L-Alanine 199 201 93 9 
L-Asparagine 138 126 -17 -7 
D-Aspartic Acid 162 -3 -17 -7 
L-Aspartic Acid 160 167 57 21 
L-Glutamine 100 211 57 -4 
L-Glutamic Acid 198 173 101 30 
L-Proline 245 161 113 53 
D-Serine -20 -9 -22 23 
L-Serine 52 223 -7 2 
D-Threonine -19 -6 -14 -17 
L-Threonine 52 277 21 13 
Amino sugars    
N-Acetyl-D-Glucosamine 16 13 -7 -3 
N-Acetyl-β-D-Mannosamine 23 19 1 21 
D-Glucosaminic Acid -17 -1 185 -10 
Carboxylic acids    
Acetic Acid 59 86 62 16 
Acetoacetic Acid 28 8 -1 0 
Bromo Succinic Acid 84 63 4 -12 
Citric Acid -22 74 -18 -11 
Fumaric Acid 181 46 -19 -13 
Formic Acid 1 -1 -19 84 
Glycolic Acid 26 -6 25 -6 
Glyoxylic Acid -9 -7 310 -7 
α-Hydroxy Butyric Acid 45 21 7 14 
α-Hydroxy Glutaric Acid-γ-Lactone -7 4 3 251 
p-Hydroxy Phenyl Acetic Acid 108 -6 76 -13 
m-Hydroxy Phenyl Acetic Acid -20 -7 110 -10 
α-Keto-Butyric Acid 43 40 -19 1 
α-Keto-Glutaric Acid 70 2 -14 30 
L-Lactic Acid 164 0 35 34 
D-Gluconic Acid 181 3 107 9 
D, L-Malic Acid 108 74 183 -11 
D-Malic Acid 54 146 39 2 
L-Malic Acid 118 63 -19 -5 








 Acidovorax MMS1-28 






Mono Methyl Succinate 72 25 115 11 
Propionic Acid 8 85 -24 -13 
Pyruvic Acid 75 162 111 -5 
D-Saccharic Acid 47 11 103 0 
Succinic Acid 120 155 49 4 
Tricarballylic Acid 30 2 -3 -10 
Dipeptides    
L-Alanyl-Glycine 28 45 0 15 
Glycyl-L-Aspartic Acid -19 11 51 -6 
Glycyl-L-Glutamic Acid 52 161 -7 7 
Glycyl-L-Proline -20 154 -23 -8 
Glycols    
Tween 20 140 87 34 -13 
Tween 40 127 92 26 -10 
Tween 80 62 60 5 -5 
1,2-Propanediol -12 1 -12 2 
Glycosides    
α-Methyl-D-Galactoside 0 2 -14 29 
α-Methyl-D-Glucoside 8 16 9 14 
Monosaccharides    
L-Arabinose 84 333 -7 17 
L-Fucose -11 -3 -15 -9 
D-Fructose 141 189 -22 39 
D-Galactose 248 4 -12 7 
α-D-Glucose 238 112 225 33 
L-Lyxose -14 4 -20 -7 
D-Mannose 190 322 -6 37 
D-Psicose -15 -4 14 -13 
L-Rhamnose 3 -2 -19 0 
D-Ribose 4 -1 4 13 
D-Xylose -9 1 -19 11 
Oligosaccharides    
D-Cellobiose -11 216 -16 10 
α-D-Lactose 86 2 -20 20 
Lactulose -7 0 -17 22 
Maltose 5 224 -23 15 
Maltotriose 4 235 3 11 
D-Melibiose 49 4 17 28 
Sucrose -10 -2 160 28 
D-Trehalose 22 24 -5 38 
Ribonucleosides    
Adenosine -11 91 -6 -18 
Inosine -17 90 -25 -13 
Uridine -6 20 -21 13 
Deoxyribonucleosides    
2-Deoxy Adenosine 22 18 83 7 
Thymidine -10 -7 -22 8 
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 Acidovorax MMS1-28 






Sugar acids    
D-Glucuronic Acid -6 0 -17 -3 
Glycerol 107 -1 44 -7 
M-Inositol -19 -1 -18 -10 
D-Mannitol 174 -1 -18 23 
D-Sorbitol 138 -2 -16 -7 
L-Galactonic Acid-γ-Lactone -12 -7 37 3 
D-Galactonic Acid-γ-Lactone -16 -4 -15 15 
D-Galacturonic Acid -14 187 -22 -2 
Mucic Acid 28 -4 99 -3 
M-Tartaric Acid 41 14 -10 -5 
Adonitol 20 19 98 5 
Dulcitol 29 41 15 33 
Amides    
Glucuronamide -16 -2 -20 7 
Amines    
Phenylethylamine 13 -7 -23 -12 
2-Aminoethanol -10 -6 -22 -7 
Tyramine -3 -7 -24 -16 
Sugar phosphates    
D-Fructose-6-Phosphate 1 12 -11 8 
D-Glucose-1-Phosphate -13 26 245 -8 
D-Glucose-6-Phosphate -20 -6 4 -6 














highly positive growth (>180%) 
positive growth (50 - 180%) 
weak growth (10 - 50%) 
no growth (-20 - 10%) 
inhibition of growth (<-20%) 
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Figure S1. Bootstrapped maximum likelihood tree of the 16S rDNA of the 
bacterial strains and their closest relatives. Nodes with bootstrap supports <40% 
were collapsed to multifurcations. The strains used in the experiments are marked in 





Figure S2. Schematic overview of the continuous cultivation system. Two 
different flow rates of medium to the cultivation vessels were used to modulate the 
assumed slow (S, 0.3 d-1) and fast (F, 1 d-1) growth of microbes, respectively. The 
four bacterial strains were inoculated in equal initial numbers to all vessels. 
Poterioochromonas malhamensis DS was added to vessels S2, S3, F2, and F3 after 
72 h, while vessels S1 and F1 served as control treatments without protists. 
Abbreviations: mv, medium vessel; pp, peristaltic pump; ap, air pump; av, aeration 













Figure S3. Total microbial cell densities, bacterial biomass, and growth and 
loss rates. A: Accumulated numbers of the four strains cultivated in batch cultures. 
B, C: Total numbers of bacteria and flagellates in the slow and fast variants of the 
chemostat. D, E: Total bacterial biomass in the slow and fast variants of the 
chemostat. F, G: Growth and loss rates of all bacteria (until t182 h) in the slow and fast 
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Figure S4: Substrate partitioning between the four strains. A: Number of shared 
substrates that supported the growth of the four strains. B: Agglomerative hierarchical 
clustering of the four strains based on similarities in their substrate uptake patterns 
(unweighted pair-group average of Pearson’s correlation coefficient). The dotted line 
indicates the level of significance. ACIDO, Acidovorax sp. MMS1-28; MAS, Massilia 
sp. MMS1-16; HYD, Hydrogenophaga sp. EECy4; LIM, Limnohabitans planktonicus 
II-D5T. 
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Figure S5. Microphotographs of the flagellate P. malhamensis with ingested 
bacteria in food vacuoles. A-C: Acidovorax sp. MMS1-28; D: Massilia sp. MMS1-
16; E-F: L. planktonicus II-D5T; G: Hydrogenophaga sp. EECy4. The scale bar in A 
applies to all pictures. 
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Figure S6. Total grazing rates of P. malhamensis on individual bacterial strains in 
the slow (A) and fast (B) variants of the chemostat. ACIDO, Acidovorax sp. MMS1-
28; MAS, Massilia sp. MMS1-16; HYD, Hydrogenophaga sp. EECy4; LIM, 






















































































A: slow variant (dilution rate 0.3 d-1)
B: fast variant (dilution rate 1 d-1)
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Figure S7. Microphotographs of bacterial morphotypes. A-C: filamentous 
bacteria affiliated with Massilia sp. MMS1-16 (green, A, C) or Acidovorax sp. MMS1-
28 (red, B) in the slow variants. D-F: aggregates affiliated with Acidovorax sp. MMS1-
28 (red, D, E) or Hydrogenophaga sp. EECy4 (blue, E, red, F). The scale bar in C 
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Figure S8. Schematic overview or the outcome of our experiments. The different 
strains are displayed in light green (Acidovorax sp. MMS1-28), dark green (Massilia 
sp. MMS1-16), brown (Hydrogenophaga sp. EECy4), and orange (L. planktonicus II-
D5T). The schematic graphs represent abundance data taken from Figure 1. Only the 
fast variant of the experimental setup is displayed for reasons of simplicity. 
 
  
  
 
